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We have demonstrated Si/Ge hole-tunneling double-barrier resonant tunneling diodes (RTDs) formed on flat Ge layers with a relaxation rate of
89% by our proposed method; in this method, the flat Ge layers can be directly formed on highly B-doped Si(001) substrates using our proposed
sputter epitaxy method. The RTDs exhibit clear negative differential resistance effects in the static current–voltage (I–V) curves at room
temperature. The quantized energy level estimation suggests that resonance peaks that appeared in the I–V curves are attributed to hole
tunneling through the first heavy- and light-hole energy levels. # 2011 The Japan Society of Applied Physics
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iGe resonant-tunneling-diode (RTD) quantum de-
vices, which consist of double-barrier (DB) and
triple-barrier (TB) structures and exhibit negative-
diﬀerential-resistance (NDR) resonances, have been widely
studied as promising devices for future Si-system ultrahigh-
speed and large-scale integrated circuit applications.1) For
quantum devices to be useful, they must operate at room
temperature (RT).
SiGe RTDs have been designed for both electron
tunneling and hole tunneling. Electron-tunneling SiGe RTDs
have generally been fabricated using a type-II band lineup
with a tensile-strained Si well sandwiched with strain-
relaxed Si1xGex barriers.2–5) The degree of the NDR eﬀect
is determined using the peak-to-valley current ratio (PVCR)
in the NDR voltage region as a ﬁgure of merit. In the Si/
Si1xGex electron-tunneling RTDs, when x  0:63, only a
single longitudinal heavy mass in the growth direction is
involved in the quantized levels and the tunneling process.6)
Using the longitudinal heavy single mass and a high Ge
fraction, a Si/Si0:4Ge0:6 DB RTD with a PVCR of 2.43 at RT
has been reported.4) By increasing the number of barriers, we
have also reported a Si/Si0:7Ge0:3 TB RTD with a PVCR of
7.6 at RT.5) The corresponding barrier heights are 0.39 and
0.17eV, respectively, as calculated using the deformation
potential model reported by Van de Walle and Martin,7)
which has been successfully applied to the analyses of RTD
behaviors.2,5) If a larger barrier height is obtained, a DB
structure is more promising than a TB structure owing to its
higher current density.8)
Hole-tunneling SiGe RTDs have been fabricated using
band lineups formed with a compressively strained Si1xGex
well sandwiched with strain-relaxed Si barriers9–11) or a
strain-relaxed Si1xGex well sandwiched with tensile-
strained Si barriers.12–14) In these RTDs, heavy-hole (hh),
light-hole (lh), and spin–orbit split-oﬀ (so) hole levels are
involved in the tunneling process, and when the Ge fraction
is low, hole tunneling occurs through closely spaced levels
related to these holes, and it has been assumed that the NDR
eﬀect at RT is absent owing to thermally assisted tunneling
through higher lying levels.13) To obtain the NDR at RT,
RTDs with higher Ge fractions have been investigated
using larger barrier heights. Relaxed Si/strained Si0:6Ge0:4
DB RTDs formed on Si substrates with NDR features
observed up to 290K11) and with a PVCR of 2.21 at RT15)
have been reported. Also, a Si0:7Ge0:3(barrier)/Ge(well) DB
RTD formed on a Si0:12Ge0:88 substrate with a small NDR
resonance feature at 295K has been reported.14)
Among hole-tunneling SiGe RTDs, maximum band
oﬀsets are obtained with relaxed-Si(barrier)/strained-
Ge(well) and strained-Si(barrier)/relaxed-Ge(well) struc-
tures, and their barrier heights are as large as 0.81 and
0.76eV estimated using the deformation potential method,7)
respectively. Thus, these structures are very attractive
for realizing room-temperature-operated high-PVCR RTDs
using a DB structure. It is important to use Si substrates
for SiGe RTDs to be integrated with current Si devices.
In the case of the relaxed-Si(barrier)/strained-Ge(well)
RTD, a relatively thick, for example at least 10nm,
compressively strained Ge emitter layer should be formed
on strain-relaxed Si, and it is generally diﬃcult to form
such a thick Ge emitter layer owing to island formation by
Stranski–Krastanov (SK) growth of Ge on relaxed Si.16)
Recently, we have found for the ﬁrst time that a ﬂat and
relaxed Ge layer can be formed directly on highly B-doped
p-type Si(001) by our sputter epitaxy method. Then, using
this Ge layer formed on Si, we have formed the other type of
strained-Si(barrier)/relaxed-Ge(well) DB RTD, which has
been successfully operated at RT with high PVCRs.
In this paper, we report the fabrication method and room-
temperature RTD behaviors of the hole-tunneling Si/Ge DB
RTDs formed on our proposed ﬂat Ge layers using Si(001)
substrates.
Ge and Si layers were grown by our recently proposed
sputter epitaxy method,17) which uses ultrahigh-vacuum
(UHV)-compatible magnetron sputtering under Ar/H2
mixture working gas in a UHV system with a base pressure
of 5  109 Torr. The substrates used in this work were
9  25mm rectangular plates cut from 3:5  0:5 and
0:015  0:005 cm B-doped p-type Si(001) wafers. The
substrates were cleaned prior to deposition by annealing at
1030 C for 10s following preannealing at 600 C for 2h. As
the working gas, a mixture of Ar and 5vol% H2 was used,
and the working gas pressure was 3mTorr. We used DC and
RF power sources for the Ge and Si sputtering processes,
respectively, and the growth temperature was maintained at
350 C. The Ge and Si deposition rates were 0.36 and
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1.14   As1, respectively. All the deposited Ge and Si layers
used in this work were nondoped.
In Fig. 1, we show the dependence of the Ge growth
morphology on the substrate resistivity. When we grow Ge
on a 3.5 cm p-type Si substrate to 65nm, the surface
exhibits a very roughened and perforated morphology,
which is characteristic of the SK islanding growth mode,16)
as shown in Fig. 1(a). However, when we grow Ge on
a highly B-doped 0.015 cm Si substrate to 65nm, the
surface exhibits a very ﬂat Ge layer, as shown in Fig. 1(b),
which indicates that the Ge growth mode is transformed to
a layer-by-layer growth mode from the SK growth mode
depending on the substrate resistivity. These results have
implied that highly doped B atoms aﬀect the Ge ﬂat growth.
Since the B to Si surface atom density ratio for the
0.015 cm Si wafer is 0:005, the internal B atoms may
diﬀuse to the surface and work as surfactants,18,19) or the
interface B atoms may cause a small density of 90
misﬁt dislocations which slip the Ge layer in the lateral
directions19) and result in the ﬂat Ge layer. The precise
analysis of the ﬂat Ge growth mechanism will be presented
elsewhere. The 65nm Ge layer grown on the 0.015 cm
p-Si substrate was relaxed by 89%, as estimated by X-ray
diﬀraction (XRD) measurement, as shown in Fig. 1(b).
The ﬂattening method for a Ge layer on Si presented here is
very suitable for vertical current ﬂow devices, such as the
general RTDs, which require low-resistivity substrates or
underlying layers. We have applied the Ge ﬂat layer to the
fabrication of hole-tunneling strained-Si(barrier)/relaxed-
Ge(well) DB RTDs. The investigated RTD structures are
shown in Fig. 2. First, 65nm Ge layers were grown on
0.015 cm B-doped p-type Si(001) substrates. Then, a 2nm
Si barrier, a Ge well, and a 2nm Si barrier were grown. The
Ge well width was varied from 2 to 4nm. The contact metal
materials used for the top Ge layer and the Si substrate were
Au and Al, respectively, and the Au electrodes used were
circular and had a diameter of 300m. All the grown layers
were nondoped and hole carriers were expected to ﬂow from
the highly B-doped Si substrate through the 65nm Ge layer
into the well. A thick Si layer is also known to form islands on
a relaxed Ge layer; however, an approximately 2nm Si layer
is epitaxially grown on a relaxed Ge layer.20) This is the case
for our RTDs and we have conﬁrmed the ﬂat RTD surfaces.
We show typical current–voltage (I–V) curves measured
at RT in Fig. 3. The base lines of the I–V curves of RTDs
with well widths of 3 and 4nm wells are biased, as indicated
with arrows in the ﬁgure. The I–V curves clearly show NDR
eﬀects at RT with PVCRs of 1.3, 9.0, and 1.8 for the RTDs
with well widths of 2, 3, and 4nm, respectively. In the I–V
curves, the sharp current drops are observed in the higher
voltage sides of the resonances. This behavior has been
theoretically explained with a series resistance of an RTD21)
and the resonant level fall across the valence band edge in
the emitter side.22) Then, for example, in the case of the RTD
with a 3nm well, the PVCR was 9.0 and a linear increase
in the lower voltage side of the resonance was mostly a
contribution from tunneling rather than thermionic emission
event.23) From the RTDs with well widths of 3 and 4nm, two
resonance features have been observed and the peaks at high
voltages are much larger than those at low voltages.
To investigate the tunneling processes, we have calcu-
lated the quantized energy levels in the wells. Taking a Ge
relaxation rate of 89% into account, heavy hole, light hole,
and spin–orbit split-oﬀ hole band edges, EVBM,hh, EVBM,lh,
and EVBM,so, respectively, have been calculated using the
deformation potential model reported by Van de Walle and
Martin.7) The results are shown in Fig. 4. The barrier heights
for light and heavy holes are 0.304 and 0.767eV, respectively.
Quantized energy levels in the wells have also been
calculated by envelope wave function approximation by
solving the Schro ¨dinger equation. In this calculation,
longitudinal eﬀective masses in Ge wells in the growth
direction for heavy, light, and split-oﬀ holes are assumed
to be 0.21, 0.047, and 0.076, respectively, which have been
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Fig. 1. Scanning electron microscopy (SEM) images of 65nm Ge layers
grown on (a) 3.5 cm p-Si(001) and (b) 0.015 cm p-Si(001). In (b), the
corresponding XRD curve for the same sample is also shown.
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Fig. 2. Structure of investigated hole-tunneling Si/Ge RTDs. The Ge well
width d was varied from 2 to 4nm.
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Fig. 3. I–V curves obtained from investigated hole-tunneling Si/Ge RTDs
corresponding to that in Fig. 2. Base lines for RTDs with 3 and 4nm wells
are biased as indicated with arrows.
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calculated with a kp model for a relaxed Ge ﬁlm by Chun
and Wang.24) The longitudinal heavy hole mass is the same
with and without strain since the heavy hole band in the
growth direction does not couple with the light hole or
spin orbit band. It is noted, however, that the biaxial small
compressive strain in the Ge layer, which the Ge layer of our
RTD has, causes a small increase in light hole mass and
a small decrease in split-oﬀ hole mass. The calculated
quantized energy levels in the 3nm width well are shown in
Fig. 4. The calculated lower-lying levels for holes are also
plotted in Fig. 5 as a function of well width. The Elh1 level
disappears for the wells with widths less than approximately
1.8nm. All the split-oﬀ Eso levels are over the energy range
shown in Fig. 5.
The experimentally obtained resonance peaks shown in
Fig. 3 relatively well correspond to the calculated energy
levels shown in Fig. 5. This relative comparison suggests
that the lowest resonance peaks correspond to the lowest
lying heavy hole levels Ehh1 indicated by A, B, and C
in Fig. 5, and that the second lowest resonance peaks
correspond to the lowest lying light hole levels Elh1 indicated
by D and E in Fig. 5. These suggested peak assignments are
also supported by the results reported by Tsujino et al.14)
indicating that with a similar Si0:7Ge0:3(barrier)/Ge(well)
DB RTD formed on a Si0:12Ge0:88 substrate, which is
expected to have a strain in the Ge well that is similar to
those observed in our RTDs, Ehh1 and Elh1 resonance peaks
are observed in this order with increasing applied voltage
and the Elh1 resonance peak is much more distinct than the
Ehh1 resonance peak. The discrepancy in absolute resonance
voltage between the experimental and calculated quantized
energy levels results from the lack of a real potential
variation along the devices. Series resistances, such as an
electrode contact resistance, appeared in the RTD will
increase the apparent resonance voltages.21) Further device
simulation will clarify the more precise I–V behaviors.
In conclusion, we have fabricated hole-tunneling Si/Ge
DB RTDs consisting of a double strained-Si barrier and a
relaxed Ge well on ﬂat Ge layers by our proposed method;
in this method, the ﬂat Ge layers can be directly formed
on highly B-doped Si(001) substrates. Although the Ge
relaxation rate is 89%, heavy hole barriers with a height of
as large as 0.767eV, which is calculated with the deforma-
tion potential method, are expected to be used. The fabri-
cated RTDs exhibit sharp NDR eﬀects in the static I–V
curves at RT. A high PVCR of 9.0 has been obtained with
the RTD with a well width of 3nm at RT. The quantized
energy level calculation and the comparison with another
report suggest that the resonance peaks that appeared in the
I–V curves are attributed to the tunneling events through the
ﬁrst heavy- and light-hole energy levels.
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